Purpose of Review Psychological stress can impact memory systems in several different ways. In individuals with healthy defense and coping systems, stress results in the formation of negatively valenced memories whose ability to induce emotional and somatic distress subsides with time. Vulnerable individuals, however, go on to develop stress-related disorders such as post-traumatic stress disorder (PTSD) and suffer from significant memory abnormalities. Whether expressed as intrusive trauma memories, partial amnesia, or dissociative amnesia, such abnormalities are thought to be the core source of patients' symptoms, which are often debilitating and implicate an entire socio-cognitive-affective spectrum. Recent Findings With this in mind, and focusing on stressresponsive hippocampal microcircuits, this article highlights recent advances in the neurobiology of memory that allow us to (1) isolate and visualize memory circuits, (2) change their activity using genetic tools and state-dependent manipulations, and (3) directly examine their impact on socioaffective circuits and global network connectivity. By integrating these approaches, we are now in a position to address important questions that have troubled psychiatry for a long time-questions such as are traumatic memories special, and why are stress effects on memory diverse. Summary Furthering our fundamental understanding of memory in the framework of adaptive and maladaptive stress responses has the potential to boost the development of new treatments that can benefit patients suffering from psychological trauma.
Introduction
In susceptible individuals, the experience of intense stress often exposes physical or mental vulnerabilities, sometimes causing life-long suffering. Although virtually every psychiatric disorder can be triggered or exacerbated by stress, for a cluster of psychological illnesses, stress is thought to play a central role (Trauma and Stressor-Related Disorders in DSM-5). What causes psychiatric symptoms to persist long after initial stress has ended remains an open question, nevertheless the impact of stress on memory systems is clearly relevant. This area of research has not been without controversy with most disagreements revolving around two key sets of questions.
The first is whether there is anything special about traumatic memories, and why, unlike other memories (including negatively valenced non-traumatic memories), traumatic memories are accompanied by debilitating affective and behavioral symptoms. Speculation on this topic has ranged from denying that there is anything special about traumatic memories [1] to arguing that the difference lies in abnormal activity of discrete brain circuits [2••, 3] . Both human imaging and preclinical rodent studies have provided support for the latter view [4] [5] [6] , although direct evidence for a trauma-specific memory circuit is still lacking.
The second set of questions relates to the impact of stress on memory. The prevailing view is that in response to trauma, some aspects of the trauma-related memory are enhanced, leading to intrusive memories, while others, such the ability to recall them, are impaired [7] . The latter phenomenon, also known as traumatic amnesia, is thought to occur because traumatic memories are encoded in a way that makes them difficult to retrieve as coherent narratives but instead are represented as sensory, motor, and emotional fragments resulting in non-coherent and fragmented memories [8] [9] [10] [11] . Several mechanisms have been proposed to explain these enhancing and impairing effects of stress on memory. Horowitz [12] hypothesized that the voluntary recall of trauma-related memories is impaired while their involuntary retrieval is enhanced, resulting in intrusive, persistent, and vivid memories. Along similar lines, it has been proposed that traumatic stress weakens memory processing through explicit (conscious) memory systems but enhances processing through implicit (automatic, often nonconscious) memory systems [9] . It should be mentioned, however, that, while there is a general agreement that stress and trauma induce strong, emotion-laden memories, evidence and views on impaired trauma memory are still controversial [1, 13, 14] . Ironically, those who doubt that stress can impair memory often refer to preclinical research in support of their criticism [1, 13] while overlooking the fact that in rodents, stress can both enhance and compromise memory [4, [15] [16] [17] [18] .
Dissociative Amnesia: a Special Case of Stress-Related Memory Deficit
In addition to trauma and stress-related disorders, overwhelming stressful experiences can also trigger a class of mental illnesses known as dissociative disorders. They are thought to arise when normally integrated functions of consciousness, such as memory, perception, and identity awareness become disrupted by overwhelming stressful experiences. They have a lifetime prevalence rate of about 10% in the overall population [19] . In addition, dissociative symptoms accompany most psychiatric disorders [20] , including PTSD [21] and schizophrenia [22] . These symptoms, which are often debilitating, include partial or complete amnesia, anxiety, depression, suicidality, and severely compromised social functioning [23] [24] [25] . At a fundamental level, dissociative amnesia is thought to be rooted in state-dependent learning, wherein memories formed under a certain affective, stress-or druginduced state are best retrieved under similar conditions [26] [27] [28] . The earliest theoretical accounts of such memory failure held that overwhelming stress prevents the adequate integration of traumatic and normal conscious experiences, causing a state of dissociation [26] . Importantly, it was also recognized that the amnesia only reflects a failure to recall but not to encode the memories [26, 29] . The state dependency of these memories was shown by successful memory retrieval when patients were in a similar psychological or physiological state as they were when the trauma occurred [11, 30, 31] . State-dependent learning may have important evolutionary benefits, by enabling quick decision-making under similar conditions when time or neural capabilities to process multiple options are limited [32] . It may also provide temporary relief from overwhelming stress by delaying coping and reducing negative affect. However, as a chronic coping strategy, it is thought to cause cognitive and affective incoherence, placing individuals at risk for many psychiatric disorders including dissociative amnesia [33] . Whereas significant advances have been made in our understanding of memory processing under normal states of consciousness, state-dependent memories, and their influence on behavior are not well understood at the neurobiological level.
Learning About Stress from Rodents: Translational Impact and Recent Advances in Memory Research
To get the obvious out of the way, there are clearly limits to the applicability of rodent data for understanding higher cognitive functions of humans in general, and of psychiatric patients in particular. Rodents have a much simpler central nervous system, we have no access to their subjective experiences, and no matter how we manipulate their neurons, we can never be sure that the changes we see in behavior will be relevant for human psychology or psychopathology. Nevertheless, even with these constraints, the degree to which rodent work on the stress response has translated to humans is quite striking. It has led to the discovery of the stress response itself [34] , our understanding of its neuroendocrine, autonomic, and neuroanatomical organization, and its modulation by individual molecules (genes, neurotransmitters, and signaling pathways), as well as its impact on discrete behaviors. Many mechanistic concepts relating to gene and environment interactions [16, 35, 36] , developmental vulnerability [37, 38] , and sex differences [39] have also been translated from rodent to human research. Especially given this track record, recent advances in our ability to study memory networks in rodents could bring far more depth to our understanding of the most fundamental principles of the organization of human memory systems, their responses to trauma, and their impact on social and affective processes.
The Hippocampal Memory System as a Stress Target
Multiple abnormalities of the hippocampal brain area have been found in patients suffering from stress-related disorders. These include volume reduction of the posterior (corresponding to the rodent dorsal) but not anterior (corresponding to the rodent ventral) hippocampus [40] in PTSD patients, multiple abnormalities of hippocampal connectivity to cortical and subcortical areas along its dorsoventral axis in patients with generalized anxiety disorder and PTSD [41] , and disrupted hippocampal function in patients suffering from dissociative amnesia [42] . In light of this, two features of the hippocampus are particularly relevant-its key involvement in the formation of episodic memories [ [43] [44] [45] [46] , memories for personally experienced events set in a spatio-temporal context [47] ], and its unusually high susceptibility to stress [35, 48, 49] .
In rodents, negatively valenced episodic memories are commonly investigated using contextual fear conditioning, a form of associative learning wherein subjects learn to associate environmental contexts with stressful experiences such as footshocks [50] . As with human episodic memories, context fear memories require intact hippocampal [51] [52] [53] and cortical functions [54] , for which reason they are considered to be similar to human explicit (consciously accessible) memories [55] . Much progress has been made in our understanding of the cellular and functional heterogeneity of hippocampal microcircuits as they encode and retrieve episodic memories. This includes organization of the trisynaptic microcircuit among the dentate gyrus (DG), CA3, and CA1 hippocampal subfields ( Fig. 1) , in which each subfield plays a distinct role in coding spatial (DG, CA3) and temporal (CA1) aspects of context memories [56, 57] . Although the main information flow is directed from DG and CA3 (sites of subcortical and cortical inputs) toward CA1 (main subcortical and cortical outputs), there are also afferents and efferents specific for individual subfields with distinct functional roles [58] . In addition to these subfields, it has become increasingly recognized that dorsoventral hippocampal subdivisions make unique genetic and anatomical contributions to distinct functions. The dorsal hippocampus (DH) has been implicated in memory, ventral hippocampus (VH) in fear and anxiety [59] [60] [61] , and both in the regulation of social behaviors [62, 63] . Thus, the organization of hippocampal microcircuits enables both the processing of the spatio-temporal aspects of episodic memories, and their interaction with social and affective processes (Fig. 1) .
The hippocampus is also known for its high susceptibility to stress, due, among other things, to the levels of glucocorticoid and mineralocorticoid receptors that mediate actions of stress hormones [64] . On a cellular level, this susceptibility is manifested through structural remodeling of dendritic spines [65] , which has been found both in the CA3 [66, 67] and CA1 [48, 49, 68] subfields. In addition, stress targets synaptic plasticity, local circuit activity, and neurogenesis in the DG subfield [69] . It is not surprising, therefore, that stress effects on the hippocampus influence cognitive, affective, and social behaviors.
How Can We Study Stress-Enhanced Memories?
Studying the enhancement of memory by stress has been relatively easy both in rodents and in humans because there are clear manifestations of behavior indicative of memory strength. While it is recognized that many neurotransmitter systems shape memory formation, one system clearly stands out-the excitatory glutamate system. Glutamate, through ionotropic glutamate receptors in particular, provides the essential signal for neuronal activity required for the encoding, retrieval, and extinction of stress-induced memories that usually trigger fear and anxiety [70] . Actions of glutamate on hippocampal long-term synaptic plasticity and gene expression are well established, and include, depending on the specific glutamate receptor, long-term potentiation, long-term depression, and the expression of discrete transcription factors [71] . Some of these transcription factors are robustly induced by learning, a feature that has recently been exploited to genetically tag, visualize, and manipulate memory networks, as described below.
Labeling Memory Networks
Some of the first attempts to label memory networks were performed by measuring the co-expression of the immediate early gene activity-regulated cytoskeleton-associated protein (Arc) and Homer1a using the fluorescent in situ hybridization method [72, 73] . This method allows the visualization of neuronal populations that respond to similar or different environmental contexts presented about 30-40 min apart, because 
RNA (mRNA), whereas those activated by the second context show signals for Arc mRNA. This approach successfully captured some of the functional differences of CA1 and CA3 neurons. Specifically, CA1 neurons showed a graded response (i.e., the number of overlapping neurons positively correlated with the contextual similarity), whereas the CA3 response was sparse and discontinuous [73] . Currently, the most commonly used genetic system for tagging active neurons takes advantage of the promoter of the cFos gene, which is highly responsive to glutamate signaling activated by environmental stimuli and can be used to drive neuronal expression of fluorescent proteins (e.g., green fluorescent protein, mCherry, etc.) [74, 75] or enzymes (e.g., lacZ) [76] . These "tagged" neurons can be visualized using specific antibodies or substrates, resulting in fluorescent signals. Importantly, initially activated neurons remain labeled for a long time, so that one can study the degree of overlap between neuronal populations involved in learning about different contexts [77•, 78, 79] , or in learning versus retrieval [77•, 79-81] , or in learning versus extinction of context-specific fear [76] (Fig. 2) . These various approaches to isolate and tag memory networks have enabled us to advance our understanding of the cellular basis of context-specific memories, but more importantly, they can now be combined with functional manipulations of memory-coding neurons to directly test their roles in processing specific types of information.
Manipulating Memory Networks
Recent advances with genetic [82] , optogenetic [83] , and chemogenetic [84] approaches have enabled us activate or inhibit discrete neuronal networks with unprecedented cellular resolution. These approaches include the expression of artificial receptors in nerve cells followed by their activation or inhibition either by drugs or by light. The most commonly employed receptor-activator systems so far are "designer receptors exclusively activated by designer drugs"-clozapine-N-oxide (DREADD-CNO), opsins, such as channelrhodopsin-2-light (ChR2-light), and "pharmacologically selective actuator molecules"-"pharmacologically selective effector molecules" (PSAM-PSEM). The use of these systems has already advanced our knowledge about the organization of neuronal circuits and microcircuits mediating contextual fear conditioning, including the role of the hippocampus and its cortical target, retrosplenial cortex [85, 86•, 87••] . Furthermore, in combination with the neuronal tagging techniques described above, it has become possible to manipulate the activity of specific memory-processing neuronal networks (Fig. 3) and thus change various features of selected memories. For example, the reactivation of memory coding neurons under defined experimental conditions can disrupt the context specificity [77•] or valence [88• •] of memories, and even improve affective behavior [89] . By applying similar approaches to study in depth the impact of traumatic stress on memory and behavior, we will 
Stress-Induced Amnesia: How Can We Study What Cannot Be Remembered?
Studying memory impairments has always been challenging because of the difficulty of knowing whether a memory was formed but cannot be retrieved or whether it was never formed in the first place [90] . Nevertheless, there are experimental conditions and approaches that allow us to study inaccessible memories, such as models of state-dependent learning. Girden and Culler (1937) were the first to demonstrate that a simple muscle reflex conditioned under curare disappears when the effect of the drug wears off and reappears when the animals are on drug again [91] . They termed the phenomenon "dissociation of learning" or "state-dependent learning". This accidental observation did not gain much attention until thirty years later when highly visible publications provided evidence for complete or partial state-dependent learning in humans [92] [93] [94] and animals (reviewed in [95] ), including invertebrates [32] . The findings provided a basis for important theoretical and experimental work on unconscious (i.e., implicit) memory processing and its effects on consciously executed behaviors [96] .
Some of the earliest evidence for state-dependent learning comes from studies with compounds that are now known to be GABAergic agonists or positive allosteric modulators, such as alcohol [humans [92, 97, 98] and rats [95, 99] ], amobarbital [93, 100] , and diazepam [101] . We attempted to induce statedependent memories by using the compound gaboxadol (4,5,6,7-tetrahydroisoxazolo[5,4-c]pyridin-3-ol; also known as THIP [102] , which acts as a superagonist of extrasynaptic GABA A R. We chose to focus on these receptors for three main reasons: first, alcohol typically induces state-dependent learning at low doses [103] at which it preferentially activates extrasynaptic GABA A R [104] ; second, these GABA A R generate tonic inhibition in DG, which is important for processing episodic memories [105, 106] ; and third, these receptors control brain states ranging from sleep to heightened affect and psychosis [107] , making them good candidate mediators of state-dependent processes. After intrahippocampal infusion of gaboxadol, mice formed strong context memories. However, this was only evident when they were on drug again before the retrieval test [87••] . We also found that gaboxadol induced a significant increase of Egr-1 levels in the dentate gyrus granule cells (Fig. 4) . Notably, analyses of the immediate early gene early growth response gene-1 (Egr-1) in hippocampal projection targets revealed that the drug completely Fig. 3 Manipulations of memory networks. Neurons within DG or CA1 involved in memory coding (green) can also be genetically engineered to express artificial receptors, which can either enhance or impair neuronal activity in response to artificial drugs or light. The most common systems are indicated on the right Fig. 4 Effect of gaboxadol on hippocampal activity and state-dependent fear-inducing context memory. Infusion of gaboxadol into the hippocampus hyperactivated DG but not CA1 neurons. Under these conditions, mice acquired context fear (expressed as freezing behavior) only when they were tested on drug. Without the drug the mice did not show freezing. The drug did not elicit freezing in context 2 in which mice did not experience aversive footshocks, showing that this was a memory rather than a nonspecific drug effect. Adapted from Jovasevic et al. [87••] , reprinted by permission from Macmillan Publishers Ltd: Nat Neurosci 18(9): 1265-71, copyright 2015 changed the "routing" of hippocampally processed context information, with activation in DG/CA3 and their subcortical targets, and deactivation in cortical targets such as the retrosplenial and entorhinal cortices. Accordingly, we found that unlike normally encoded fear-inducing context memories, which require cortical processing, state-dependent context memories were actually enhanced following cortical inactivation [87••] . Together, these findings demonstrate that statedependent memories can be studied at a neurobiological level, and, combined with the approaches described above, can be manipulated in a controlled fashion to better understand their impact on other processes and systems. Consistent with this possibility, the Tonegawa lab used optogenetic approaches to activate memories that are normally not retrievable. Challenging some of the most widely accepted views in the neurobiology of memory, the authors found that contextspecific memories can be formed in the absence of protein synthesis or changes of synaptic plasticity and dendritic remodeling [108••] . Although not accessible for retrieval, such memories could be retrieved with artificial receptor-activator systems applied to DG neurons.
Assessing the Impact of Stress-Related Memories on Socio-affective Processes and Global Network Activity and Connectivity
Until recently, it has been difficult to study interactions between different cognitive, social, and affective processes. Among other reasons, this has been because our main approaches were previously based on pharmacological manipulations that often target entire receptor populations. Increased specificity can be achieved by targeting specific scaffolding complexes of relevant receptors [71, 109, 110] , or by targeting more specialized neurotransmitter systems. For example, we have found that antagonism of metabotropic mGluR5 and oxytocin receptors in the hippocampus and lateral septum disrupts specific aspects of social behavior without affecting the encoding or retrieval of context-specific fear [111] . Circuit approaches of well-defined neuronal populations that project to specific brain areas, allow for superior functional specificity [112] . By combining circuit labeling and manipulations, the resolution of our analyses is likely to further increase so that we can assess the impact of stress-related memories on neuronal networks that process socio-affective phenomena. In addition, by combining circuit manipulations with measurements of local field potentials (Fig. 5) or whole brain imaging [114] , we can now determine how activation or inhibition of local memory networks affects global brain function and connectivity. This is of particular translational relevance, because similar measurements can be carried out and validated in humans.
Conclusion and Perspectives
It is generally believed that memories dependent on the hippocampus are explicit in that they require conscious access whereas those that are hippocampus-independent are implicit and have no such requirement [55, 96] . This idea has been challenged by the findings discussed above and is in line with human work showing that context-specific memories can be encoded both as explicit and implicit at the level of hippocampal microcircuits [115, 116] . Clarifying these issues is important because the DG/CA3 microcircuit seems to be able to code information in various ways--it is required for adequate context memory formation, but can also code inaccessible memories [87••, 108 ••], as well as stress-enhanced context memories, which can be formed even when CA3 dendritic remodeling is severely disrupted by chronic stress [117] . However, more research is needed to better understand the role of the tonic GABA system in stimulus processing by DG and CA3 neurons and in changing local and network activities that define stable brain states in which memories can be formed and retrieved.
Deepening our understanding of the DG/CA3 memory network might enable us to redefine neurobiological constraints on memory formation, storage, and retrieval, and allow us to gain new knowledge about the diverse stress effects on memory. Importantly, we can now directly test the views that "nothing about the clinical evidence suggests that traumatic memories are special, or that special techniques are required to recover them" [1] or, alternatively, that trauma memories are special and coded within a broader socio-cognitive-affective circuit [2••] . An obvious first step is to apply the described technologies to animal models that best reflect trauma-related memory deficits, either as persistent and extinction-resistant fear-provoking memories [118] or inaccessible, statedependent memories [119] . While there are quite a few models to test the former, the latter will require the development of stress models resulting in state-dependent memory. The integration of these various approaches promises to improve our understanding of psychology and psychopathology and lead to the development of new ideas that can serve as a basis for more effective approaches to the treatment of traumatized patients.
Compliance with Ethical Standards
Conflict of Interest The work of Dr. Radulovic is supported by research grants from NIMH (MH078064 and MH108837).
Human and Animal Rights and Informed Consent This article does not contain any studies with human or animal subjects performed by the author.
